Background The aim of this study was to elucidate the role of gestational age in determining the risk of neonatal morbidity among infants born late preterm (34-36 weeks) and early term (37-38 weeks) compared with those born full term (39-41 weeks) by examining the contribution of gestational age within the context of biological determinants of preterm birth.
Introduction
Preterm birth is defined as delivery prior to 37 weeks of gestation. Although infants born toward the end of this preterm period were traditionally assumed to be 'low risk,' recent research has shown increased risk for neonatal morbidity and mortality associated with late preterm birth (34-36 weeks) and early term birth (37-38 weeks) . However, it is unclear to what extent these risks are associated directly with being born early or with the reasons for preterm birth.
Compared with term infants, infants born late preterm are at increased risk for neonatal intensive care unit (NICU) admission, 1,2 hospital readmission 2-4 and longer hospital stay. 5 They are also at greater risk for respiratory morbidities, 1, 3, 5, 6 temperature instability, 5, 6 hypoglycaemia, 5, 6 sepsis, 1,2 hyperbilirubinaemia, 3, 5, 6 necrotizing enterocolitis, 2 neurological morbidities, 1, 2 and even neonatal and infant mortality. 7 Typically, the comparison group for infants born late preterm is those born at 37 weeks of gestation or later. However, research has shown that the median gestational age is 39 weeks. 8 Moreover, infants born at 37 and 38 weeks are at increased risk, compared with their full term peers (39-41 weeks), for NICU admission, 9 hospital readmission 10 and longer stay;
9,10 respiratory 9 and other 9,11,12 neonatal morbidities; and mortality. 13 Whereas some studies have failed to find increased risk at 38 weeks, 9, 14 the majority of the literature points to the need to examine early term infants as a separate group. 15 Although there is evidence for physiological immaturity in the late preterm and early term periods, 16 it is possible that poor outcomes among infants born late preterm and early term are associated not only with being born early but also with the reasons for being born early. 17 Moreover, in utero exposure to these pathological conditions associated with early delivery may even exacerbate the risk of poor outcomes. 18 Previous studies have attempted to address this by examining differences among medically indicated and spontaneous preterm deliveries. 19, 20 However, this distinction has limited aetiological significance because maternal medical conditions are observed not only in medically indicated preterm birth but also in spontaneous preterm birth. 21 The onset of labour (i.e. physician-initiated or spontaneous) should be considered separately from the presence of maternal medical conditions which contribute to a pathological intrauterine environment regardless of the nature of labour onset. Only a handful of studies have examined the impact of specific maternal medical conditions on neonatal outcomes among infants born late preterm and early term. 22 These 'biological determinants of preterm birth' can be categorized as infection and inflammation, placental ischaemia and other hypoxia, endocrine triggers and other biological determinants 23, 24 (see Figure 1 ).
Objectives
The overall aim of this study was to elucidate the role that gestational age plays in determining risk of neonatal morbidity among infants born late preterm and early term compared with those born full term by examining the contribution of gestational age within the context of biological determinants of preterm birth. The research questions were as follows: The data sources were linked using infant chart number. The accuracy of this linkage was assessed by comparing variables available in both data sources. If there were discrepancies, the infant was excluded from the analysis according to a set of predetermined rules (see Figure 2 ).
Participants
Several criteria were used to define the study population: (i) resident of the City of London or Middlesex County, Canada, (because high risk transfers from outside the region to the level III centre have unique risks for maternal and/or neonatal morbidity); (ii) born at 34-41 weeks of gestation (because risks associated with very preterm birth are well established, and post-term deliveries have higher risk for morbidity and mortality than full term deliveries 25 ); and (iii) singleton gestation (because twins and higher order multiples have differential risks for early delivery 26 and poor outcomes 27 ). After formulation of the study population, two exclusion criteria were applied to derive the study sample. First, infants with major congenital anomalies were excluded, since major congenital anomalies are associated with both earlier gestational age and with morbidity and mortality. 7 (Major congenital anomalies were defined as life-threatening, disabling or requiring major surgery, including chromosomal trisomies.) Second, stillbirths and neonatal deaths were excluded (refer to the Limitations section for a discussion of this decision).
Data sources
The perinatal database contains information on mothers' socio-demographic characteristics, health during pregnancy and basic neonatal outcomes. Data for all deliveries of infants 520 weeks of gestation or 5500 g birthweight 28 were abstracted from medical records and entered into the database. A comprehensive coding manual, with definitions consistent with the International Classification of Disease (ICD), guides the coding and recording of all information. The data arise from clinical activity and are primarily used for clinical audits and research; recording health information in the database is therefore part of hospital protocol. The database was established over 30 years ago and is managed by a team with extensive data collection and management experience.
The discharge abstract database contains diagnostic information on a primary and secondary diagnosis as well as up to 23 additional diagnoses for all infants. Diagnoses are recorded using ICD-10 codes. 29 The database was constructed to enable submission of standardized clinical and administrative information on inpatient discharges to the Canadian Institute for Health Information (CIHI). Data are put through a series of coding quality checks prior to being sent to CIHI. 30 
Measures
Gestational age was based on best obstetric estimate, as recorded in the perinatal database, using the mother's last menstrual period and first trimester ultrasound. The last menstrual period estimate was used if a first trimester ultrasound estimate was within 4 days of the expected date of delivery; otherwise, the ultrasound estimate was used. (In Canada, very few women do not have a prenatal ultrasound. The first ultrasound is, on average, at 14 weeks of gestation, and 66.8% of women receive their first ultrasound prior to 18 weeks. 31 32 Two outcomes were assessed: NICU triage/admission and neonatal respiratory morbidity. NICU triage/admission was determined from the perinatal database and was used to reflect the overall burden of morbidity necessitating specialized care. Infants who were triaged were those who were evaluated for NICU admission for a serious morbidity but were not admitted. Triage was included in this outcome definition because it was expected that this would capture morbidities that did not meet the criteria for admission but that were important enough to warrant special attention. At the time of data collection, only the level III centre had NICU facilities. At the level II centre, infants requiring specialized care were admitted to the specialized nursery; for these analyses, this was also considered 'NICU triage/admission.' Information on neonatal respiratory morbidity was obtained from ICD-10 codes 29 in the discharge abstract database and included codes P22.0, P22.1, P22.8, P22.9, P27.1 and P29.3 (i.e. respiratory distress syndrome, transient tachypnoea of the newborn, other respiratory distress of the newborn, respiratory distress of the newborn unspecified, bronchopulmonary dysplasia and persistent pulmonary hypertension, respectively).
Biological determinants of preterm birth were categorized based on definitions used in the previous literature 23, 24 and included: infection and inflammation (i.e. bacterial vaginosis, chorioamnionitis, other intrauterine or systemic infections, premature rupture of the membranes), placental ischaemia and other hypoxia [i.e. preeclampsia, eclampsia, gestational and chronic hypertension, small for gestational age (<5th percentile), placenta praevia, placental abruption, other bleeding at 420 weeks of gestation, vascular disease] and other biological determinants (i.e. gestational and preexisting diabetes mellitus, polyhydramnios, oligohydramnios). Each mother was coded according to whether or not she had one or more of the conditions within each category of the biological determinants of preterm birth. In the perinatal database, depression and anxiety are noted on the basis of medication use and not diagnosis. Therefore, endocrine triggers were not included in this analysis because it was impossible to disentangle the effects of depression and anxiety from those of the medications used to treat them. 33 Several variables were assessed for their roles as confounders. Potential confounders were selected based on the literature review and on the causal thinking used in the conceptual model. Information on all confounders was obtained from the perinatal database. These variables included prenatal sociodemographic and lifestyle variables (i.e. maternal age, maternal marital status, median neighbourhood family income, parity, previous preterm delivery, previous spontaneous or induced abortion, prenatal care, smoking during pregnancy, drug use during pregnancy, alcohol use during pregnancy); other maternal medical conditions thought to present a risk to the pregnancy (i.e. anaemia, autoimmune conditions, connective tissue disorders, hormonal disease, gastrointestinal disease, haematological disease, renal disease, respiratory disease); labour variables (i.e. cord complications, forceps, vacuum extraction); and additional covariates (i.e. infant sex). Non-reassuring fetal heart rate, fetal distress and labour onset (i.e. caesarean section without labour, induced labour or spontaneous labour) were not included in the multivariable analyses because they were considered to be on the causal pathway.
Statistical analyses SAS 9.2 34 was used for all analyses. Descriptive analyses included frequencies and percentages to describe the sample. Univariable modified Poisson regression (using SAS PROC GENMOD) 35 was used to assess unadjusted associations between the covariates and the outcomes of interest prior to multivariable analyses.
To address the first research question, adjusted relative risks were directly estimated using multivariable modified Poisson regression 35 with generalized estimating equations (GEE) 36 to adjust the variance for nonindependence due to multiple deliveries to the same mother throughout the study period. Parsimonious models for each outcome were built using blockwise entry of variables according to the following conceptual categories: prenatal socio-demographic and lifestyle variables, biological determinants of preterm birth, other pre-delivery covariates, labour variables, gestational age and additional covariates. To achieve a conservative balance between the dual objectives of eliminating bias and minimizing variance, a liberal significance level of P <.20 was used to retain covariates at each step, 37 and confidence intervals were used in the final models to reflect clinical rather than statistical significance (due to the large sample size). 38 To address the second and third research questions, additional analyses were performed on the final multivariable models produced for the first research question. To address research question two, GEE was used to test the significance of the difference in coefficients between full (with gestational age) and reduced (without gestational age) models using methods described by Schluchter. 39 This difference in coefficients represents the indirect effect of the biological determinants of preterm birth (i.e., 'through' gestational age). 39 To address research question three, additive interaction was explored by calculating the relative excess risk (RERI) due to interaction (RERI ¼ RR 11 À RR 10 À RR 01 þ 1). 40 Confidence intervals were calculated using the MOVER (method of variance estimates recovery) technique. 40 (Note that for RERIs, 0 indicates no excess risk.)
Results
Infants born between 1 April 2002 and 31 March 2011 (N ¼ 39 438) were eligible for the study. Of these, 631 (1.6%) were excluded due to discrepancies between the two data sources following linkage. This left a sample of 38 807 infants (see Figure 2) . Table 1 descriptive statistics for the sample. In the sample, 4.74% of deliveries were late preterm, 24.75% were early term and 70.51% were full term.
Research question one
The overall rate of NICU triage/admission was 6.86% (38.89% in late preterm, 7.68% in early term and 4.56% in full term infants). After controlling for confounders, infants born late preterm (aRR ¼ 6.14, 95% CI 5.63, 6.71) and early term (aRR ¼ 1.54, 95% CI 1.41, 1.68) were at increased risk for NICU triage/admission compared with those born full term (see Table 2 ). The overall rate of neonatal respiratory morbidity was 3.52% (17.68% in late preterm, 3.76% in early term and 2.49% in full term infants). After controlling for confounders, infants born late preterm (aRR ¼ 6.16, 95% CI 5.39, 7.03) and early term (aRR ¼ 1.46, 95% CI 1.29, 1.65) were at increased risk for neonatal respiratory morbidity (see Table 3 ).
Research question two
Gestational age was tested as a partial mediator between the biological determinants of preterm birth and neonatal outcomes. For each outcome, the total, direct and indirect effects of each biological determinant are shown in Table 4 . For both NICU triage/admission and neonatal respiratory morbidity, late preterm and early term birth partially mediated the effects of infection and inflammation, placental ischaemia and other hypoxia, and other biological determinants of preterm birth on neonatal outcomes.
Research question three
Next, additive interactions between gestational age and biological determinants of preterm birth were tested (see Table 5 ). For NICU triage/admission, there was no interaction between infection and inflammation and gestational age. There was evidence of excess risk due to interaction for placental ischaemia and other hypoxia and late preterm birth as well as early term birth. Similar results were seen for other biological determinants of preterm birth and early term birth. For neonatal respiratory morbidity, there was evidence of excess risk due to interaction for only placental ischaemia and other hypoxia and early term birth.
Sensitivity analyses
The relative risks for the biological determinants of preterm birth and gestational age were only slightly attenuated when fetal distress, non-reassuring fetal heart rate and labour onset (pathway variables) were added to the multivariable models (data not shown).
Discussion
These findings show that, consistent with previous research, among infants born late preterm and early term there is elevated risk for NICU triage/admission 1,2,9 and neonatal respiratory morbidity. 1, 3, 5, 6, 9 These findings add to a growing body of literature showing that delivery prior to 39 weeks of gestation is associated with poor neonatal outcomes. A unique finding is that this study shows how and when poor outcomes occur in this late preterm and early term population. The mediation analysis showed that a pathological intrauterine environment (characterized by infection and inflammation, placental ischaemia and other hypoxia, or other biological determinants) acts through early delivery to produce poor outcomes. In other words, gestational age is on the causal path between biological determinants of preterm birth and neonatal outcomes. The moderation analysis adds to this by showing that infants who are exposed to both pathological intrauterine conditions and early delivery have excess risk for poor neonatal outcomes. Previous studies have acknowledged that factors leading to early delivery could influence the effects of mild prematurity on neonatal outcomes. 19, 20 However, the majority of these studies have fallen short of addressing this hypothesis by only examining whether deliveries were medically indicated or spontaneous. By examining the roles of gestational age and groups of biological determinants of preterm birth that share a common pathophysiology, this study provides insight into the 'upstream' aetiology of morbidity associated with late preterm and early term birth. The association between infection and inflammation and poor neonatal outcomes may be explained by the ability of pro-inflammatory cytokines to produce a 'fetal inflammatory response'. 41 Placental ischaemia and other hypoxia are characterized by impairment of placental bloodflow which results in reduced delivery of oxygen and nutrients. 42 The mechanisms associated with other biological determinants of preterm birth are less understood; for diabetes, fetal hyperglycaemia and hypoxia may play a role. 43 Moderated mediation (i.e. when a mediator also interacts with the exposure) has been the subject of a considerable amount of theoretical research. [44] [45] [46] [47] Although there is debate surrounding how to test this phenomenon (i.e. in separate analyses 46 as in this paper, or in a complex, combined analysis 45, 47 ), the results of the mediation and moderation analyses in the current study allow one consistent conclusion to be made: the issue of late preterm and early term birth cannot be considered in isolation. One must also consider the reasons for early delivery, which may act through and with gestational age to produce poor neonatal outcomes.
Strengths and limitations
A major strength of this study was the ability to link two city-wide administrative data sources. Together, these data sources provided rich and detailed information on pregnancy, labour and delivery (perinatal database) and on neonatal outcomes (discharge abstract database). Utilization of these data sources also enabled us to capture information on all hospital births in London, Canada, during the study period, thus ensuring the generalizability of results to the study population. Moreover, the large sample size allowed for an examination of interactions between gestational age and sometimes uncommon biological determinants of preterm birth.
There are several limitations which should be taken into account. As described by Iams 48 in his recent editorial, our study was subject to issues that characterize all retrospective studies, including potential data inaccuracy and unavailability of all desired It should be noted that the exclusion of stillbirths and neonatal deaths from the study sample restricts the scope of the conclusions; the magnitude of the risks found for the investigated associations is only applicable to survivors. Stillbirths were excluded since the goal of the study was to examine the impacts of both prematurity and the biological Controls for maternal age, parity, prenatal care, smoking during pregnancy, drug use during pregnancy, maternal medical conditions, cord complications, vacuum extraction and infant sex, as well as the main effects for gestational age and biological determinants of preterm birth. c Controls for maternal marital status, parity, prenatal care, drug use during pregnancy, alcohol use during pregnancy and infant sex, as well as the main effects for gestational age and biological determinants of preterm birth.
determinants of preterm birth. Stillbirth, by definition, is not a possible consequence of prematurity. 50 Both stillbirths and neonatal deaths were extremely rare in the study population. Any bias resulting from their exclusion would likely be in the direction of the null. Results remain useful to clinicians who at these later gestational ages will be mainly concerned with risks of morbidity among survivors.
Future research and implications
Future research could build upon this study by further refining the measurement of biological determinants of preterm birth through re-examination of the model using a dataset with diagnostic information on endocrine triggers and through re-grouping of 'other biological determinants' as understanding of the pathophysiology of these conditions improves. Moreover, the inter-relationship between gestational age and biological determinants of preterm birth could be investigated in relation to other outcomes of importance to late preterm and early term birth (e.g. hypoglycaemia, hyperbilirubinaemia).
A dramatic increase in preterm birth over the past 20 years has received worldwide attention. 51 A rise in the rate of late preterm birth accounts for most of this increase. 52 Moreover, elective deliveries in the early term period are becoming more common. 15 An understanding of the causes of poor outcomes in these infants is therefore critical. The risks of early delivery should be weighed carefully against the risks of prolonging pregnancy. Although gestational age remains a strong predictor of poor neonatal outcomes even during the late preterm and early term periods, this study shows that biological determinants of preterm birth may act through and with gestational age to produce poor neonatal outcomes.
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